To determine if catheter ablation of the atrioventricular (AV) junction with radiofrequency energy can induce chronic incomplete (first-and second-degree) AV block to avoid the need for a permanent pacemaker, 20 closed-chest dogs were studied. Group 1 (10 dogs) received radiofrequency energy (750 kHz) with a fixed power setting (5 or 10 W) while increasing the pulse duration from 10 to 50 seconds for each application. Group 2 (10 dogs) received energy with a fixed pulse duration (20 or 30 seconds) while increasing the power setting from 5 to 10 W or from 10 to 20 W during each energy delivery. Radiofrequency energy was delivered between a chest-patch electrode and the distal electrode of a regular 7F tripolar His bundle catheter. For each application, the energy delivery was interrupted when 1) the PR interval prolonged (>50%) or 2) second-degree or complete AV block occurred and persisted up to 5 seconds. The ablation procedure ended when there was 1) persistent PR prolongation (>50%) or persistent second-degree AV block (lasting >30 minutes) after ablation, 2) occurrence of two consecutive transient (<1 minute) complete AV blocks after each energy delivery, or 3) complete AV block (lasting >2 minutes) after ablation. Of seven dogs in group 1 and five dogs in group 2 in which incomplete AV block was achieved 1 hour after the procedure, six in group 1 and five in group 2 remained in incomplete AV block 2-3 months after ablation. One dog in group 1 progressed into complete AV block. Of the remaining three dogs in group 1 and five dogs in group 2 in which complete AV block was initially achieved 1 hour after ablation, two in group 1 and four in group 2 continued to have complete AV block, whereas one in each group had AV conduction returned to incomplete at 1-2 months of follow-up. Thus, a total of 13 dogs had chronic incomplete AV block induced by radiofrequency catheter ablation. Pathologic examination of the conduction system in two dogs with first-degree AV block, two dogs with second-degree AV block, and one dog with complete AV block showed discrete scars involving the approaches to the AV node and the AV node itself. It is concluded that, in most dogs studied, chronic incomplete AV block could be achieved by careful titration of the dosage of radiofrequency energy and by regulation of the ablation end points. (Circulation 1989;80:951-961) Catheter ablation of the atrioventricular (AV) junction with direct-current electrical energy has been performed in animalsl2 
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Methods

Procedure
A total of 20 adult mongrel dogs of either sex and weighing 16-28 kg were studied. An intramuscular injection of xylozine (0.5-1.0 mg/kg) was given before delivery of general anesthesia with 1.0-1.5% halothane through an endotracheal tube and an intermittent positive pressure ventilator. In each dog, 3 regular USCI electrode catheters (United States Catheter Instruments, Billerica, Massachusetts) with a 10-mm interelectrode distance were inserted percutaneously through bilateral femoral veins and were advanced into the heart under fluoroscopic guidance. A 6F quadripolar catheter was placed in the high right atrium for recording and pacing; a 7F tripolar catheter was positioned at the AV junction for His bundle recording and AV junction ablation; and a 6F quadripolar catheter was placed in the right ventricular apex for standby pacing. All the intracardiac electrograms were filtered to pass 30-300 Hz and were displayed on an oscilloscope and recorded on a four-channel physiologic recorder (Model 3400, Gould, Cleveland, Ohio). Baseline AH and HV intervals were obtained during sinus rhythm. In addition, the AV nodal Wenckebach cycle length was recorded during incremental atrial pacing, and the AV nodal effective and functional refractory periods were obtained by the atrial extrastimulus technique.
Ablation Protocol
Before ablation, the His bundle catheter was manipulated until the maximal amplitude of the His bundle potential was recorded between two distal adjacent electrodes (electrodes 1 and 2). A filtered unipolar recording of the His bundle electrogram from the tip electrode (electrode 1) was also used to assist in localizing the maximal His bundle potential. The His bundle catheter was then carefully withdrawn until the ratio of atrial to ventricular amplitudes came to approximately 1.0, and the His bundle potential was barely visualized or disappearing when recorded between two distal electrodes.
RF energy was delivered in unipolar configuration between a left lateral chest-patch electrode (Scotch 1149C, 3M, St. Paul, Minnesota) and the distal electrode of the His bundle catheter. Radiofrequency energy (750 kHz) was generated from an electrosurgical unit (Valleylab SSE4, Boulder, Colorado).6,7 During each energy delivery, root mean square current and voltage outputs from the control circuitry of the radiofrequency device were recorded to permit calculation of the delivered power and energy and to see any impedance rise during energy application (Figures 1 and 2 ).
Dogs were randomized into 2 groups. Group 1 (10 dogs) received RF energy with a fixed power setting (5 or 10 W) while increasing the pulse duration from 10 to 50 seconds (10, 15, 20, 30, 40 , and 50 seconds) for each application of RF energy until reaching one of the end points as described herein (Figure 1 ). Group 2 (10 dogs) received energy with a fixed pulse duration (20 or 30 seconds) while increasing power setting from 5 to 10 W (Figure 2) or from 10 to 20 W during each energy delivery until one of the following end points was attained. The end point for interrupting energy delivery during each RF application was determined when 1) the PR interval prolonged (>50%) or 2) second-degree or complete AV block occurred and persisted up to 5 seconds (Figure 1) . The decision to terminate the entire ablation procedure was made when there was 1) persistent PR prolongation (>50%) or persistent second-degree AV block (lasting >30 minutes) after ablation, 2) occurrence of two consecutive transient (< 1 minute) complete AV blocks after each energy delivery, or 3) complete AV block (lasting > 2 minutes) after ablation. During ablation, the His bundle electrode was kept at the same location without repositioning the catheter between any of the RF applications.
Follow-Up
Immediately after the procedure, dogs were monitored for 1 hour and a repeat His bundle recording was obtained in all dogs. For those dogs in which first-degree AV block was achieved, the AV nodal Wenckebach cycle lengths and AV nodal refractory periods were measured as previously described.
Dogs were kept alive for 1-3-months. A rhythm strip was obtained daily for the first week and once per week, thereafter. A repeat His bundle recording was performed before killing each dog. Catheter Testing Before and after the ablation procedure, an in vitro catheter test was performed to evaluate the integrity of the electrode catheter using an ohmmeter (Triplett, model 630-L, Electrical Instrument, Bluffton, Ohio) and a capacitor-inductor analyzer (Sencore, model LC 53, Sioux Falls, South Dakota) as described previously.6,7 Pathologic Examination
The hearts were examined grossly and microscopically. The length, width, and the depth of the ablation-induced lesions were measured. The conduction systems in five dogs (Tables 1 and 2) were studied by S.B. and M.L. without prior knowledge of the results of ablation. The sinoatrial (SA) node and its approaches, the atrial septum, the approaches to the AV node, the bundle of His, and the proximal portions of the bundle branches were serially sectioned. Every 20th section was retained from all these parts, with the exception of the atrial septum from which every 40th section was retained. All sections were alternately stained with hematoxylin-eosin and Weigert-van Gieson Chronic Incomplete AV Block During Follow-Up Of seven dogs in group 1 and five dogs in group 2 in which incomplete AV block was achieved 1 hour after the procedure, six in group 1 and all five in group 2 continued to have incomplete AV block 2-3 months after ablation. The other dog in group 1 (dog 8 in Table 1 ) developed persistent complete AV block 3 days after ablation. Of the remaining three dogs in group 1 and five dogs in group 2 in which complete AV block was initially achieved 1 hour after the procedure, two in group 1 and four in group 2 continued to exhibit complete AV block at 1-2 months of follow-up. One dog in group 1 (dog 4 in Table 1 ) kept changing conduction between complete and second-degree AV block in the first 2 weeks, and the heart rhythm became stabilized to seconddegree AV block (range, 2:1-4: 1 AV block) 3 weeks later. The other dog in group 2 (dog 17 in Table 2 ) recovered from complete AV block to persistent first-degree AV block on the second day after ablation. The changes in AV conduction in groups 1 and 2 during follow-up are shown in Figure 3 .
Repeat His bundle recordings before killing showed that the site of AV block was supra-His in all 13 dogs with incomplete AV block (Figures 4 and 5 and Table 3 ). The AV node effective refractory period was significantly prolonged in the seven dogs with first-degree AV block. Of the remaining seven dogs with complete AV block, the site of AV block was supra-His in three dogs. His 
Complications
No complications were noted in this experiment. No dogs died suddenly during follow-up. Serious VAs were not observed during and after ablation. Occasionally, short runs of accelerated junctional rhythm or junctional tachycardia occurred at the time of RF energy application at the AV junction ( Figure 2 ). There was no damage to the 20 electrode catheters used for ablation.
Gross Pathologic Findings of the Hearts
A distinct, localized, whitish lesion was found between the septal leaflet of the tricuspid valve and the coronary sinus in each dog ( Figure 6 ). The lengths, widths, and depths of the lesions are listed in Tables 1 and 2 . The medial leaflet of the tricuspid valve was thickened and whitened. This extended to the junction of the leaflet and the pars membranacea ( Figure 6 ). There was no gross damage to the surrounding normal structures. There was mild to moderate thickening of the septal tricuspid leaflet. The aortic valve was not grossly injured. There was no perforation of the atrial or ventricular septum. Endocardial thrombus was not observed at the site of ablation.
Microscopic Findings of the Conduction System
The fundamental lesion produced by the experimental procedure lay in the distal part of the atrial septum and in the approaches to and in the AV node (Figures 7 and 8) . The bundle of His was less and the bundle branches least involved. The lesion in the atrial septum and the approaches to the AV node consisted of fibrosis of the endocardium with elastic fibers. The atrial musculature on the right side of the septum was associated with chronic inflammation, fatty metamorphosis, arteriosclerosis, and cartilage formation. In the AV node, it consisted of chronic inflammation and fibrosis. There was mild-to-moderate fibrosis in the bundle of His and bundle branches. The SA node and its approaches showed no lesions.
In dog 1, there was 2: 1 AV block at the time of killing. The AV node was markedly involved (Figure 7) . However, there was a tenuous connection remaining between the atrial musculature and the node, and a questionable connection of the node to the His bundle. The bundle showed moderate fibrosis. In dog 5, there was first-degree AV block at the time of killing. The AV node showed fibrosis and fatty metamorphosis but retained a tenuous connection with the atrium (Figure 8 ). In dog 8, at the time of killing, there was third-degree AV block with a narrow QRS complex escape rhythm. The AV node showed marked fibrosis with no connection to the approaches or the bundle. The beginning of the bundle showed complete fibrosis. In dog 12, there was first-degree AV block at the time of (Figures 1 and 2 ). This will allow the operator to interrupt radiofrequency application at any time when a certain degree of AV block is noted during radiofrequency ablation and when the operator considers that an end point is reached. With this modification, it is possible that excessive energy delivery and excessive injury to the tissue can be avoided.
Factors Influencing Successful Induction of Incomplete A V Block
Unlike catheter direct-current shock. radiofrequency current causes tissue injury primarily by thermal effect that dries the tissue (desiccation) and results in well-demarcated tissue necrosis. 13 We have previously shown that the size of tissue injury 
.fe We have learned from our previous experiments that interruption of RF current discharge immediately after achieving complete AV block usually restores 1: 1 AV conduction shortly afterward. If AV conduction completely returns, application of RF energy can be carefully repeated until the desired effect is obtained. We do not know the best and most reliable end points for interrupting current discharge or ending the ablation procedure. The method proposed in this study does not appear to be perfect because 35% of animals in the present study did develop permanent complete AV block. Nevertheless, we believe that RF catheter ablation may prove to be a better method for inducing incomplete AV block.
Appropriate positioning of the electrode for ablation is important. It is essential to initially localize the largest His bundle potential with distal bipolar or unipolar electrodes. The catheter will then be slightly withdrawn until the ratio of atrial to ventricular amplitudes comes to approximately 1.0, and the His bundle potential is barely visualized or just disap-pears when recorded from the distal bipolar electrodes. The distal electrode is then used for ablation. The reason for positioning the electrode proximally is to create a lesion primarily in the AV node so that incomplete AV block can be better achieved and so that adequate subsidiary pacemaker cells are preserved in the lower portion of the AV junctional tissue. In addition, damage to the medial leaflet of the tricuspid valve will be minimized.
Electrophysiologic and Histologic Correlations
As stated previously, the pathologic examination of the conduction system was performed without prior knowledge of the electrocardiographic and electrophysiologic findings in these dogs. The pathologists (S.B. and M.L.) attempted to predict from the histologic findings which of the five dogs examined were clinically in complete or incomplete AV block. These pathologists successfully predicted the results of complete or 2:1 AV block but were not as successful in dogs 5 and 12 with first-degree AV block. The pathologists believed that the block should have been greater than first degree.
The explanation, we believe, is the possibility of a poor correlation between the extent of morphologic changes in the conduction system and the physiologic states of conduction. Because first- degree AV block did exist in dogs 5 and 12, it must mean that continuity of the conduction system existed. We found that the AV nodal lesions in first-degree AV block were less severe than those found in complete AV block. The His bundle was also distinctly less damaged than that seen in dogs with complete AV block.
Conclusion
We have shown that, in most (65%) dogs studied, chronic (2-3 months) incomplete AV block can be achieved by careful titration of the RF energy dosage and regulation of the ablation end points. We have again shown that RF catheter ablation of the AV junction is an effective and safe technique. This study suggests that modification of AV conduction is usually obtained by creating lesions in the AV node and its approaches. RF catheter ablation of the AV junction appears to be a promising technique for modulation of AV conduction. However, the limitations of this technique, including the propensity to cause inadvertent complete AV block in some animals (35%) and the lack of long-term (>3 months) follow-up should be recognized. Further clinical and laboratory investigation is necessary before wide application of this technique in patients can occur.
